Hepatitis delta virus (HDV) contains a circular RNA which encodes a single protein, hepatitis delta antigen (HDAg). HDAg exists in two forms, a small form (S-HDAg) and a large form (L-HDAg). S-HDAg can transactivate HDV RNA replication. Recent studies have shown that posttranslational modifications, such as phosphorylation and acetylation, of S-HDAg can modulate HDV RNA replication. Here we show that S-HDAg can be methylated by protein arginine methyltransferase (PRMT1) in vitro and in vivo. The major methylation site is at arginine-13 (R13), which is in the RGGR motif of an RNA-binding domain. The methylation of S-HDAg is essential for HDV RNA replication, especially for replication of the antigenomic RNA strand to form the genomic RNA strand. An R13A mutation in S-HDAg inhibited HDV RNA replication. The presence of a methylation inhibitor, S-adenosyl-homocysteine, also inhibited HDV RNA replication. We further found that the methylation of S-HDAg affected its subcellular localization. Methylation-defective HDAg lost the ability to form a speckled structure in the nucleus and also permeated into the cytoplasm. These results thus revealed a novel posttranslational modification of HDAg and indicated its importance for HDV RNA replication. This and other results further showed that, unlike replication of the HDV genomic RNA strand, replication of the antigenomic RNA strand requires multiple types of posttranslational modification, including the phosphorylation and methylation of HDAg.
Hepatitis delta virus (HDV) is a satellite virus and requires the presence of hepatitis B virus (HBV) for virus assembly and production (42) . Its genome is a single-stranded, circular RNA of 1.7 kb. Unlike other satellite viruses, HDV can replicate independently of its helper virus, HBV, and does not share sequence homology with HBV. The virus contains a single protein species, hepatitis delta antigen (HDAg), which exists in two forms, including a small form of 195 amino acids (SHDAg) and a large form of 214 amino acids (L-HDAg) (16) . HDV RNA replication occurs in the nucleus via host RNA polymerases (11, 30, 33) . The viral genomic RNA replicates by a rolling-circle mechanism into a full-length antigenomic RNA and also transcribes an antigenomic-strand mRNA (0.8 kb) which contains the HDAg open reading frame (ORF). The full-length antigenomic RNA, in turn, is replicated into the genomic-strand RNA by another round of rolling-circle replication. The replication of genomic and antigenomic RNAs and transcription of the HDAg-encoding mRNA are carried out by independent mechanisms, probably by different polymerases (30, 31, 33) . The 0.8-kb mRNA is translated into S-HDAg, which is required for continuous HDV RNA replication (21) . In the later stages of viral replication, an RNA editing event occurs at the amber termination codon of the S-HDAg ORF to allow the synthesis of L-HDAg (40, 41) , which is required for virus assembly (2, 24) . L-HDAg was also thought to inhibit HDV RNA replication when expressed artificially early in viral replication (4, 24) , but a recent study showed that L-HDAg does not play a significant role in regulating viral RNA levels in cells (29) .
Posttranslational modifications of HDAg include isoprenylation, phosphorylation, and acetylation. Isoprenylation occurs at the C-terminal end of L-HDAg and has been demonstrated to mediate protein-protein interactions between L-HDAg and the HBV surface antigen (18) , which is indispensable for HDV virus assembly (13) , and to enhance the transdominant inhibitory function of L-HDAg (17) . The phosphorylation of HDAg occurs at multiple residues, with Serine-177 (S-177) being the major phosphorylation site (3, 35) . S-177 phosphorylation is required for efficient viral RNA replication, particularly for replication of the antigenomic RNA strand (6, 35) . Recently, the acetylation of HDAg was reported (36) , and this process is also involved in the replication of HDV RNA and may regulate the subcellular localization of HDAg. The acetylation of Lysine-72 (K-72) is necessary for the nuclear transport of HDAg. A K72A substitution reduced viral RNA accumulation and resulted in the earlier appearance of L-HDAg, indicating that the posttranslational modification of K-72 affects the regulation of RNA editing. Since HDAg has multiple features of a cellular transcription factor and participates in HDV RNA replication, we further explored other possible posttranslational modifications of HDAg. Here we report the methylation of HDAg.
It has been reported that the phosphorylation, acetylation, and methylation of histone proteins are involved in the regu-lation of chromatin activation (10, 12, 19, 27, 54) . Histone methylation occurs at arginine and lysine residues and is catalyzed by two families of proteins, the protein arginine methyltransferase (PRMT) family (8, 26, 47, 49) and the SETdomain-containing methyltransferase family (23, 38, 48) . At least three types of PRMT activities that transfer methyl groups from S-adenosyl-L-methionine (AdoMet) to the guanidine group of arginine residues have been reported (25) . Type I PRMT enzymes catalyze the formation of -monomethylarginine and asymmetric -N G ,N G -dimethylarginine, whereas type II enzymes catalyze the formation of -monomethylarginine and symmetric -N G ,NЈ G -dimethylarginine. Type III enzymes catalyze monomethylation and have been found only in Saccharomyces cerevisiae (55) . The substrates of type I PRMT include many RNA-binding proteins (43) , transporting proteins (37, 39) , transcription factors (34), nuclear matrix proteins (53) , and cytokines. The functions of protein arginine methylation include the regulation of transcription (8, 10) , modulation of the affinity of nucleic acid-binding proteins, interactions with other proteins (22) , the regulation of interferon signaling pathways (34) , and the targeting of nuclear proteins (10, 14, 43) . The following four type I PRMTs have been reported: PRMT1 (49), PRMT3 (50), coactivator-associated arginine methyltransferase (CARM1) (7) from mammalian cells, and arginine methyltransferase I (RMT1) from yeast cells (53) .
S-HDAg is an RNA-binding protein and localizes predominantly to the nucleus (9, 52) . A previous study showed that S-HDAg and HDV RNA form speckled structures, which are presumed to be the HDV RNA replication complexes in the nucleus (1) . Although significant efforts have been focused on understanding the biological functions of S-HDAg, its mechanism of involvement in HDV replication remains largely unknown. In this paper, we present biochemical evidence that S-HDAg is subject to protein arginine methylation in vitro and in vivo and show that the methylation of S-HDAg is required for HDV RNA replication.
MATERIALS AND METHODS
Plasmid construction. Plasmids pBS␦1.2G and pBS␦1.2AG (templates for in vitro transcription of the 1.2ϫ genome-length genomic and antigenomic HDV RNAs, respectively) have been described elsewhere (30) . Plasmid pET-Sm was used for expression of the wild-type small delta antigen in Escherichia coli (44) . The mutant pET-Sm-R10A plasmid was constructed by PCR-based site-directed mutagenesis, for which a pair of divergent 5Ј-phosphorylated primers, 5Ј-GCC GGGGGGAGGGAAGACATCCTCGAG-3Ј and 5Ј-GTCTTTCCTTCTTTCG GACCGGCT-3Ј, were used in a 50-l reaction mixture that contained 50 ng of pET-Sm, a 0.32 M concentration of each primer, a 0.2 mM concentration of each deoxynucleoside triphosphate, and 2.5 U of Pfu polymerase. The PCR was cycled as follows: 95°C for 5 min and then 28 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 12 min, followed by a final step at 72°C for 15 min. The pET-Sm-R13A plasmid was also constructed by PCR-based site-directed mutagenesis using the primer pair 5Ј-GCCGAAGACATCCTCGAGCAGTGGGT G-3Ј and 5Ј-CCCCCCGCGGTCTTTCCTTCTTTCTTC-3Ј. The same PCR conditions were used. The mutants were sequenced for at least 300 nucleotides across the mutation sites to confirm the presence of the mutations and to ensure that no other mutations were introduced. The plasmid pCD3.1-WT was constructed by use of a pCDNA3.1/V5-His TOPO TA expression kit (Invitrogen). The inserted fragment was the ORF of S-HDAg, which was amplified by a PCR with the primer pair 5Ј-GAATTCATGAGCCGGCCCGAAGGAAGGAAAAA CCGC-3Ј and 5Ј-ATAAGAATGCGGCCGCCTATGGGAATCCCT GGCTTC CCCTTATGTC-3Ј, with plasmid pET-Sm as the template. The PCR was cycled as follows: 95°C for 5 min and then 28 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 5 min, followed by a final step at 72°C for 15 min. The construction of plasmids pCD3.1-R10A and pCD3.1-R13A followed the same procedure as described above, with pET-Sm-R10A and pET-Sm-R13A, respectively, as DNA templates.
Cell culture, transfection, and drug treatments. A human hepatoma cell line cell was cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and incubated at 37°C in 5% CO 2 . The cells were seeded overnight in either six-well plates or 60-mm-diameter petri dishes prior to transfection. Transfections with pCD3.1-WT, pCD3.1-R10A, and pCD3.1-R13A DNAs were performed by use of the Fugene 6 reagent (Roche) according to the manufacturer's directions. The 1.2ϫ genome-length HDV RNAs were transcribed from plasmids pBS␦1.2G and pBS␦1.2AG by the use of T7 Megascript kits (Ambion) after linearization with the restriction enzyme NotI. A fluorescein-labeled genomic or antigenomic RNA was also transcribed from the linearized pBS␦1.2G or pBS␦1.2AG plasmid in a 20-l transcription reaction mixture containing a 0.5 mM concentration (each) of ATP, GTP, and CTP, 0.3 mM UTP, 0.2 mM fluorescein-12-UTP (Boehringer Mannheim), 40 mM Tris-HCl (pH 8.0), 6 mM MgCl 2 , 10 mM dithiothreitol, 2 mM spermidine, 10 mM NaCl, 1 U of RNasin, 10 U of T7 RNA polymerase (Ambion), and 1 g of linearized plasmid DNA at 37°C for 2 h. After the reaction took place, the DNA template was digested with 2 U of DNase I (RNase-free) at 37°C for 15 min. For the removal of unincorporated nucleotides, RNAs were precipitated with either LiCl or ammonium acetate-ethanol. The capped mRNA for HDAg was transcribed from plasmid pX9-I/II after linearization with the restriction enzyme HindIII by use of a T7 m-Message m-Machine kit (Ambion) (31) . All RNA transfection experiments were performed by use of the DMRIE-C reagent (Gibco BRL) according to the manufacturer's directions.
For the transfection of RNA-protein complexes, 0.5 g of partially purified wild-type or R10A or R13A mutant S-HDAg was mixed with 3 g of in vitrotranscribed HDV RNA in a final volume of 25 l in 10 mM HEPES (pH 7.4) at room temperature for 10 min. The protein-RNA transfections were mediated by the use of DOTAP (Boehringer Mannheim) according to the manufacturer's directions.
To study the effects of S-adenosyl-homocystine (AdoHcy) on HDAg localization, we seeded Huh7 cells overnight in either six-well plates or eight-well chamber slides. Before transfection, the cells were pretreated with 0, 2, or 8 mM AdoHcy for 2 h and subsequently transfected with DNA or RNA as described above. After transfection, the medium was changed, replenished with new medium containing AdoHcy, and incubated for another 48 h.
Northern blot hybridization analysis. RNAs were extracted from cells by the use of Tri-Reagent (Molecular Research Center, Inc.) according to the manufacturer's protocol. RNA samples were separated by electrophoresis through 1.2% morpholinepropanesulfonic acid (MOPS)-formaldehyde-containing agarose gels, transferred to membranes, hybridized, and washed as described previously (30) . The detection of genomic and antigenomic HDV RNAs was performed by using in vitro-transcribed 32 P-labeled probes generated from pTM␦SalB and pBS␦HX, respectively (30) . The washed membranes were exposed to Biomax MR or MS X-ray film (Kodak).
Purification of HDV small delta antigen. To express and purify recombinant S-HDAg from E. coli, we incubated an overnight culture of BL21(DE3) cells harboring the pET-Sm plasmid (44) in 500 ml of Luria-Bertani-ampicillin medium at 37°C. After the cell density at 600 nm reached 0.5, 0.2 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to the medium to induce S-HDAg expression. The culture was then incubated at 28°C for 18 h. E. coli cells were harvested by centrifugation at 4°C and then resuspended in 25 ml of ice-cold sonication buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% Tween 20, 5 mM ␤-mercaptoethanol [␤-ME], protease inhibitor cocktail [Roche], 1 mM phenylmethylsulfonyl fluoride [PMSF] ). The cell suspension was sonicated on ice 10 times (10 s each time) and centrifuged at 9,000 ϫ g for 20 min. The supernatant was used for further purification.
A heparin column (5 ml) (Amersham) was equilibrated with sonication buffer before use. The supernatant mentioned above was applied (at a flow rate of 1 ml/min) onto the pre-equilibrated heparin column. After the sample was loaded, the column was washed with 50 ml of washing buffer 1 (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 0.5% Tween 20, 5 mM ␤-ME, protease inhibitor cocktail [Roche], 1 mM PMSF), followed by washing with 50 ml of washing buffer 2 (50 mM Tris-HCl [pH 8.0], 650 mM NaCl, 5 mM ␤-ME, protease inhibitors cocktail [Roche], 1 mM PMSF). S-HDAg was eluted with 20 ml of elution buffer (50 mM Tris-HCl [pH 8.0], 1 M NaCl, 5 mM ␤-ME, protease inhibitor cocktail [Roche], 1 mM PMSF), and 1-ml fractions were collected. Aliquots of each fraction were analyzed by sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis (SDS-12.5% PAGE). Proteins were visualized by staining with Coomassie blue. Fractions containing S-HDAg were pooled and dialyzed against 1 liter of dialysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM ␤-ME, protease inhibitor cocktail [Roche], 1 mM PMSF).
Immunolocalization. For an evaluation of the subcellular distribution of SHDAg by immunocytochemistry, cells were grown on eight-well chamber slides and transfected with plasmid DNAs encoding various HDAgs. After 24 to 48 h in the presence or absence of the methylation inhibitors, cells were fixed with paraformaldehyde and permeabilized with 0.1% Triton X-100. An indirect immunofluorescence analysis of HDAg was performed with the anti-HDAg monoclonal antibody 3G3 (15) and a goat anti-mouse fluorescein isothiocyanateconjugated antibody. Stained cells were mounted and imaged on a Bio-Rad MRC 1000 argon/krypton laser confocal system.
In vitro methylation assay. The methyltransferase PRMT1 was prepared as a recombinant glutathione S-transferase (GST) fusion protein and eluted from glutathione-agarose beads (Sigma) with 20 mM glutathione (26) . PRMT3 and CARM1 were prepared as described previously (26) 
RESULTS
The recombinant HDV small delta antigen can be specifically methylated by PRMT1 in vitro. To explore all of the potential posttranslational modifications of HDAg, we set out to examine whether S-HDAg was methylated. An amino acid sequence analysis showed that S-HDAg (5) has two RGG motifs that resemble other known sites of PRMT-mediated methylation (49) . We used partially purified GST-fused PRMTs to perform in vitro methylation experiments. The results showed that S-HDAg was methylated by PRMT1 in vitro (Fig. 1) . Other type I protein PRMTs, including PRMT3 and CARM1, could not methylate the protein (Fig. 1) . Histone H4 was used as a positive control which could be methylated by PRMT1. Therefore, S-HDAg is specifically methylated by PRMT1, which is a predominantly nuclear protein that exists in a large complex of 300 to 400 kDa and methylates arginine residues in RGG and RXR motifs of many proteins, including RNA-binding proteins (49) . These results show that HDAg can be methylated.
Arginine-13 is essential for methylation in vitro. The amino acid sequence analysis of S-HDAg showed that there are two RGG motifs in the protein. The first motif, RGGR, is located at the N terminus, at amino acid residues 10 to 13, and the other motif, RGG, is found at residues 91 to 93. We first examined the role of the RGGR motif in HDAg methylation by site-directed mutagenesis of the arginine residues ( Fig. 2A) . Wild-type or mutant proteins were expressed in E. coli, partially purified, quantified, and used for in vitro methylation by PRMT1. Methylation of the R13A mutant was almost completely abolished, while that of the R10A mutant decreased substantially compared with that of wild-type HDAg (Fig. 2) . We concluded that both Arg-13 and Arg-10 contribute to the methylation of HDAg; however, it appears that Arg-13 has to be methylated first before Arg-10 can be methylated since the R13A mutant was completely devoid of methylation. This effect can be explained by the possible conformational changes induced by R13 methylation.
We also examined the possible methylation of the 91-RGG-93 motif by site-directed mutagenesis of the arginine residue. However, the R91A mutant could still be methylated by PRMT1 in vitro, suggesting that this RGG motif is not important for the methylation of HDAg (data not shown). Therefore, we focused on examining the 10-RGGR-13 motif in this work.
The methylated small delta antigen can facilitate HDV antigenomic RNA replication via protein-RNA complex transfection. As a previous study (44) indicated, when a mixture of the recombinant S-HDAg derived from E. coli and an in vitrotranscribed genomic or antigenomic HDV RNA was used for the transfection of Huh7 cells, the HDV genomic RNA could replicate while the antigenomic RNA could not. In contrast, when HDV RNAs and an mRNA encoding S-HDAg were combined for RNA transfection, both genomic and antigenomic RNAs could replicate (31) . One of the possible explanations of these results is that a certain posttranslational modification of S-HDAg is required for the replication of HDV antigenomic-strand RNA, since the E. coli-derived HDAg is likely not posttranslationally modified. Thus, we were interested in examining whether in vitro-methylated S-HDAg could facilitate HDV antigenomic RNA replication. We first methylated the purified recombinant S-HDAg protein derived from E. coli by using PRMT1 in vitro; the methylated S-HDAg was mixed with an HDV genomic RNA or antigenomic RNA to form protein-RNA complexes. The protein-RNA complexes were transfected into Huh7 cells via liposomes. The replicated HDV RNA (i.e., the RNA of the opposite sense) was detected by Northern blotting on day 3 posttransfection. The results showed that in the presence of unmethylated S-HDAg, HDV genomic, but not antigenomic, RNA could replicate, in agreement with previous results (44) (Fig. 3) . Interestingly, the methylated S-HDAg protein enabled the replication of both genomic and antigenomic RNAs (Fig. 3) . To examine the possible mechanism for the effects of methylation, we used a UV cross-linking method to compare the RNA-binding activities of methylated and unmethylated HDAg. The results showed that there was no significant difference (data not shown). Therefore, the difference in the replication efficiencies of methylated and unmethylated S-HDAg was not due to a difference in protein-RNA complex-forming abilities. We concluded that the methylation of S-HDAg plays an important role in the replication of antigenomic RNA to form genomic RNA.
Methylation of the small delta antigen is required for HDV RNA replication in vivo following RNA transfection. To further establish the importance of HDAg methylation in HDV RNA replication, we examined the ability of the HDAg methylation mutants to promote RNA replication by using the established RNA transfection method, in which HDV genomic or antigenomic RNA was cotransfected with a wild-type or mutant S-HDAg-encoding mRNA (31) . When genomic RNA was used for transfection, the replication of HDV RNA was not affected by either R10A or R13A mutation (Fig. 4A) . In contrast, when HDV antigenomic RNA was used, the mutant R13A mRNA did not enable RNA replication, whereas the mutant R10A mRNA enabled a very low level of HDV RNA replication (Fig. 4B ). This result indicates that methylated HDAg is required for the initiation of RNA replication from the antigenomic strand, whereas unmethylated HDAg can support only genomic-strand RNA replication.
We also introduced the same mutations into the HDV genomic or antigenomic RNA and cotransfected these mutant RNAs with the wild-type mRNA. In this experiment, wild-type S-HDAg encoded by the transfected mRNA will initiate the replication of genomic and antigenomic RNAs; however, the mutant S-HDAg encoded from the replicated genomic-length RNA will predominate in the later stages of the HDV replication cycle, once the transfected mRNA is degraded. Thus, this experiment examined whether the methylation of S-HDAg is required for continuous HDV RNA replication after RNA replication has been initiated. The results showed that R13A mutant antigenomic RNA could not replicate at all, while the corresponding genomic RNA replicated to only a small degree (Fig. 4C and D) . Replication of the R10A mutant genomic or antigenomic RNA was largely unaffected. From these results, we conclude that the methylation of S-HDAg is important for both the initiation and maintenance of HDV RNA replication throughout the viral replication cycle.
We also used the methylation inhibitor S-adenosyl-homocysteine (AdoHcy) to verify the importance of methylation in HDV RNA replication. Huh7 cells were pretreated with different concentrations of AdoHcy for 2 h and then transfected with HDV RNA. AdoHcy was present throughout the experiment, and the replicated HDV RNA (the RNA of the opposite sense) was detected by Northern blotting after 2 days of drug treatment. We found that HDV RNA replication was (Fig. 5) . We also used another methylation inhibitor, adenosine dialdehyde (AdOx), at a concentration of 20 M to repeat this experiment; HDV RNA replication was also significantly inhibited by this compound (data not shown). Taken together, these results show that the methylation of S-HDAg is necessary for HDV RNA replication, in particular for the replication of the antigenomic strand to form the genomic strand. Methylation of the RGG motif affects the subcellular localization of HDAg. We next attempted to address how methylated S-HDAg participates in HDV RNA replication. Previous studies have shown that the methylation of nuclear proteins reduces their nucleic acid-binding activities due to the reduction of hydrophilic interactions (45) . As stated earlier, we compared the RNA-binding activities of in vitro-methylated and unmethylated S-HDAg by using UV cross-linking or gel mobility shift assays; no significant difference was detected (data not shown). From the gel shifting assay data, we also excluded the possibility that methylation induced an RNA-protein conformational change. Recently, it was shown that the methylation of hnRNP A2 affects the subcellular localization of the protein (37) . We therefore compared the subcellular localization of the wild-type and mutant S-HDAg proteins by immunocytochemistry. In agreement with earlier studies (1, 9, 52), wild-type S-HDAg was localized to the nucleus and formed speckles in the nucleus (Fig. 6) . The R10A mutant protein was also localized mainly to the nucleus; however, it could not form speckled structures (Fig. 6) . In comparison, the R13A mutant protein was found in both the cytoplasm and the nucleus, but it was more pronounced in the cytoplasm (Fig. 6) . We also treated the HDAg-expressing cells with the methylation inhibitor AdoHcy prior to and after the expression of wild-type HDAg. At the highest concentration used (8 mM), S-HDAg was localized almost exclusively to the cytoplasm. With 2 mM AdoHcy, HDAg remained in the nucleus, but it had a substan- FIG. 6 . Subcellular localization of wild-type and mutant S-HDAgs. Huh7 cells were transfected with pCD3.1-WT, pCD3.1-R10A, and pCD3.1-R13A, which encode wild-type, R10A, and R13A HDAg, respectively. At 48 h posttransfection, the cells were fixed, permeabilized, and then probed with a monoclonal antibody against S-HDAg and a goat anti-mouse antibody conjugated with fluorescein isothiocyanate (green). The nuclei were stained with DAPI (4Ј,6Ј-diamidino-2-phenylindole) (blue).
tially reduced ability to form speckled structures (Fig. 7) . Correspondingly, HDV RNA replication was significantly inhibited at a 2 mM or higher concentration of AdoHcy (Fig. 5) . From these results, we conclude that the methylation of SHDAg affects the subcellular localization of HDAg, which is important for HDV RNA replication.
The methylation of S-HDAg is involved in the transportation of antigenomic RNA, but not genomic RNA. To further examine the importance of the methylation of S-HDAg in HDV RNA transportation and replication, we introduced fluorescein-labeled HDV genomic or antigenomic RNA together with E. coli-expressed S-HDAg into Huh7 cells according to previously described procedures (9, 44) . HDV RNA was detected directly by fluorescence microscopy 1 h later. This experiment could reveal the ability of unmethylated S-HDAg to transport HDV RNA into the nucleus, since recombinant SHDAg from E. coli is not methylated. We found that HDV genomic RNA was transported into the nucleus, forming speckled structures (Fig. 8 ) similar to those of S-HDAg (Fig.  6) . We concluded that the HDV genomic RNA can be transported into the nucleus by unmethylated S-HDAg and is associated with the replication complex. In contrast, very little antigenomic RNA could be detected in the nuclei when it was introduced by the same procedure into the cells (the cytoplasmic RNA would be washed away in this procedure) (9) . Since E. coli-derived HDAg is not methylated, this result suggests that the methylation of S-HDAg is important for nuclear transport of the HDV antigenomic RNA. We could not directly test the effects of in vitro-methylated HDAg because the efficiency of in vitro methylation was not high enough.
DISCUSSION
In this report, we demonstrated a novel posttranslational modification, namely, methylation, of the delta antigen of HDV and showed that the methylation is accomplished by PRMT1. PRMT1 methylates arginine residues in RGG and RXR motifs of RNA-binding proteins (49) . S-HDAg is an RNA-binding protein that is predominantly located in the nucleus and that has two RGG motifs. By site-directed mutagenesis, we identified Arginine-13 as the main methylation site in S-HDAg for PRMT1. We also used antibodies that recognize monomethylated and dimethylated arginine or lysine residues to demonstrate the methylation of HDAg in vivo. We could detect HDAg with either of the two antibodies, which suggests that both arginine and lysine residues of HDAg are methylated (data not shown). However, because of the high background level, we could not demonstrate unequivocally the methylation of HDAg in vivo. We did not further pursue lysine methylation in this study. We found that the methylation of S-HDAg is required for HDV RNA replication. This conclusion was reached by performing transfections of in vitro-methylated recombinant SHDAg together with HDV genomic or antigenomic RNA. The replication of antigenomic RNA was supported by methylated S-HDAg but not by unmethylated S-HDAg. Furthermore, the mutant HDAgs that were defective in methylation could not support HDV RNA replication in the HDV RNA-HDAg mRNA transfection studies. The inhibition of cellular methylation by methylation inhibitors also decreased the replication of HDV RNA; however, we could not rule out the possibility that these inhibitors inhibited HDV RNA replication indirectly through the inhibition of cellular factors. Nevertheless, these results combined support the conclusion that methylation is essential for HDV RNA replication. Previously, it was demonstrated that the phosphorylation and acetylation of HDAg are essential for HDV RNA replication (6, 35, 36) . Thus, multiple types of posttranslational modifications of S-HDAg are required for HDV RNA replication. It is interesting that the phosphorylation of S-177 affects only antigenomic, not genomic, RNA replication (35) , similar to the effects of R13 methylation. Thus, antigenomic RNA replication appears to require a methylated and phosphorylated S-HDAg, whereas genomic RNA replication does not require HDAg modification. This finding adds to the growing list of the differences between the replication mechanisms of genomic and antigenomic RNA strands. For example, replication of the genomic RNA strand, but not the antigenomic strand, is inhibited by L-HDAg at the beginning of the RNA replication cycle (32) . Also, the replication mechanisms of these two strands have different sensitivities to ␣-amanitin (30, 33) . These findings are adding weight to the proposal that the replication of these two strands is carried out by different cellular machineries (30, 33) .
The mechanism by which the methylation of HDAg is involved in HDV RNA replication is not yet clear. The first possibility is that methylation affects the conformation of the HDV RNA-HDAg complex. This possibility is similar to the functions of histone proteins in regulating DNA-dependent transcription. For example, the arginine methyltransferase CARM1 (also known as PRMT4) interacts with GRIP1, a coactivator of nuclear hormone receptors (7); as a result, CARM1/PRMT4 acts as a coactivator of nuclear receptor activity through an arginine methylation domain, which is capable of methylating histone H3. Arginine methylation is thus a histone modification that correlates with the active state of transcription, much like acetylation. Interestingly, nuclear receptors can recruit CARM1/PRMT4 methyltransferase and p300 acetylase to stimulate transcription (46) , raising the possibility of cross talk between methylation and acetylation. Similarly, PRMT1 has been shown to bind to the p160 coactivators (20) . A previous study (51) showed that the methylation of Arg-3 of H4 augments the subsequent acetylation of H4, indicating once again the cross talk between the two stimulating modifications. Histone methylation may cooperate with histone acetylation, phosphorylation, and other types of modification to modulate chromatin structure in a way that promotes transcriptional activation. The methylation of histone proteins may affect the conformation of chromatin (12, 19) . We tried to determine whether S-HDAg methylation affects the HDAg-RNA structure by using a gel mobility shift assay. However, we did not find any significant difference between the methylated and the unmethylated protein-RNA complexes; nevertheless, FIG. 8 . Transportation of genomic RNA, but not antigenomic RNA, is mediated by unmethylated wild-type S-HDAg. Fluorescein-labeled genomic or antigenomic RNA was incubated with E. coli-derived wild-type S-HDAg, and then the RNA-protein complex was transfected into Huh7 cells. One hour later, the cells were washed, fixed, and examined by fluorescence microscopy.
this possibility could not be completely ruled out because the efficiency of in vitro methylation may be too low to show a difference.
The second possibility is that methylation affects the RNAbinding activity and subcellular localization of HDAg; the latter possibility is frequently observed for the methylation of other RNA-binding proteins (14, 37) . We did not find any change in the RNA-binding properties of HDAg by methylation. However, we demonstrated that the localization of SHDAg was affected by methylation. S-HDAg was exported to or retained in the cytoplasm after the addition of the methylation inhibitor AdoHcy. The methylation-defective mutants of S-HDAg, R13A and R10A, had altered subcellular localization and distribution patterns. In particular, these mutants failed to form speckled structures in the nucleus, which may be associated with the RNA replication machinery (1) . Furthermore, we showed directly that unmethylated HDAg could not transport antigenomic RNA into the nucleus, while it could transport genomic RNA. These results combined suggest that the methylation of HDAg is involved in HDV replication partly through affecting the subcellular localization of S-HDAg. Since HDV RNA replication takes place in the nucleus (9, 28, 30) , the retention of HDAg and antigenomic RNA in the cytoplasm would inhibit HDV RNA replication.
The third possibility is that HDAg may directly serve as a transcription factor and that the methylation of HDAg may activate its activity in transcription. Previous studies (30, 33) have suggested that HDV genomic and antigenomic RNAs may be replicated by two different mechanisms. The replication of antigenomic RNA to form genomic RNA may be accomplished by RNA polymerase II, whereas the replication of genomic RNA to form antigenomic RNA may be mediated by a polymerase I-like enzyme. Our finding here that the methylation of S-HDAg is required for the replication of antigenomic to genomic RNA and for the formation of the speckled structures in the nucleus raised the possibility that methylation may enable S-HDAg to interact with the RNA polymerase II transcription complex but is not necessary for interaction with the polymerase I transcription complex. The methylation and demethylation of proteins have been suggested to play regulatory functions in cells. We hypothesize that the regulation of the methylation of S-HDAg may control the replication of genomic RNA and antigenomic RNA through interactions with different components of the RNA replication machineries.
